ABSTRACT
Introduction
One of the most challenging and still unresolved problems in organ transplantation is the phenomenon of chronic rejection that slowly damages and eventually destroys transplanted organs [1] [2] [3] [4] [5] . At present, none of the available immunosuppressive drugs, while being effective in abrogating acute rejection, is able to inhibit chronic rejection [3] [4] [5] . In order to study the mechanisms and molecular pathways responsible for the chronic rejection and to identify potential molecular targets and therapeutic agents we previously developed the rat cardiac allograft model system in which the peri-operative treatment of recipients with an allochimeric MHC I induced indefinite survival and abrogated acute and chronic rejection of the allograft [6] [7] [8] [9] . In this model system the dominant immunogenic epitopes were identified within the hypervariable regions of the α1 domain of RT1.A a , and RT1.A u . The peri-transplant, portal vein delivery of MHC class I allochimeric protein, which displays the α1-helical epitopes of RT1.A u on recipent-type RT1 a sequences, induced donor-specific tolerance of Wistar Furth (WF, RT1 u ) hearts in ACI (RT1 a ) hosts in the presence of subtherapeutic cyclosporine (CsA, 10 mg/kg/d × 3 days). Cytokines analysis of long-term allografts revealed selective upregulation of IL-10, but marked inhibition of IL-2, IFN-γ, and IL-4. Furthermore, long-term allografts in allochimeric-conditioned hosts exhibited moderate B cell infiltration, limited monocyte and absent CD8 + cells [6] [7] [8] [9] . In addition, our adoptive transfer studies showed that the secondary cardiac grafts from recipients exposed to allochimeric MHC I-conditioned splenic total T cells or CD4 + T cells showed significantly reduced neointimal index (NI) and apoptosis, and were selectively infiltrated with CD4 + Foxp3 + (T regulatory, Treg) cells [10] . While the allochimeric therapy is clinically applicable, it may be faced with the complexity of the MHC in humans, definition of appropriate sequences and the requirements of rapid synthesis at the time of transplantation. We have therefore focused on utilizing the ability of allochimeric molecules to abrogate chronic rejection as an investigative tool to identify target molecules critical for the inhibition of chronic rejection. Targeting of such molecules would provide a clear path to clinical utility. Recently, we showed that allochimeric MHC I treatment induced down-regulation of RhoA pathway components (RhoA and ROCK-1) involved in actin cytoskeleton organization and cell motility, caused the inhibition of T cell migration into the graft [11] [12] [13] [14] and restriction of the TCR repertoire [15] . Proper actin cytoskeleton architecture and dynamics, indispensable for events in the immunological response such as T cell interaction with antigen presenting cells, activation, migration and redistribution of T cell receptors [16] [17] [18] [19] [20] [21] [22] [23] are regulated by proteins belonging to the superfamily of small GTP-binding proteins, such as RhoA GTPase and its downstream target, the RhoA kinase (ROCK) [24] [25] [26] [27] [28] [29] [30] [31] . Our finding that in rat cardiac allograft model system the immunosuppressive and anti-chronic rejection activity of the allochimeric molecule was achieved via down regulation of the RhoA pathway-and cytoskeleton-dependent T cell functions [11, 13, 14] suggested that a RhoA pathway inhibitor(s) could be a potential therapeutic agent(s) for the inhibition of chronic rejection of the grafts. Thus, we tested the ability of the Y-27632, a highly selective, commercially available, inhibitor of Rho-associated protein kinase p160ROCK (ROCK1) [32, 33] , to abrogate chronic rejection in rat cardiac allografts.
Material and Methods

Animals
Adult male inbred Wistar Furth (WF; RT1.A u ) and ACI (RT1.A a ) rats were purchased from Harlan Sprague Dawley (Indianapolis, IN) and housed in standard rat cages. Heterotopic cardiac transplants were placed intraabdominally as described previously [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Transplantation was performed as follows: 1) transplantation control group that received no treatment; 2) transplantation in the presence of high dose cyclosporine (CsA) delivered by gavage feed (10 mg/kg, day 0 -6); 3) transplantation in the presence of sub-therapeutic dose of CsA delivered by gavage (10 mg/kg, day 0 -2); 4) transplantation in the presence of Y-27632 inhibitor (Fisher Scientific, 2 mg/kg, day 0 -6) delivered by gavage; and 5) transplantation in the presence of sub-therapeutic dose of CsA (10 mg/kg, day 0 -2) in conjunction with Y-27632 inhibitor (2 mg/kg) which was gavage fed as a single dose before the transplantation. Graft survival was assessed by abdominal palpation for a heartbeat daily for 2 weeks and then once weekly until no heartbeat was palpable. Three to five animals in each experimental group were assessed for graft survival, as described above, and euthanized at 100 days or when heartbeat had ceased. Animals were housed postoperatively according to standard protocols and all experiments were conducted under the Methodist Hospital Research Institute's animal care guidelines and the NIH standards set forth in the "Guide for the Care and Use of Laboratory Animals" (DHHS publication No. (NIH) 85-23 Revised 1985).
Histopathology and Immunostaining
Rat hearts were fixed in formalin, embedded in paraffin and 5 µM sections were cut at the mid-heart region. Sections were stained with Hematoxylin & Eosin (H&E), Trichrome or Verhoeff-van Gieson (VVG) using standard protocols. H&E staining was used to examine heart global architectural integrity and inflammation.
Immunohistochemistry was performed using following primary antibodies A blind observer performed analysis of rat hearts, and the results were de-coded after the completion of the analysis.
Statistical Analysis
Collagen deposition was quantitated from Trichrome stained slides using Image-Pro Plus and is presented as % of stained area/total area. VVG staining was used to analyze the neointima and is presented as the neointimal index (NI = (intimal area)/(luminal area + intimal area) × 100). Three to five hearts from each experimental group were analyzed. 10 -8 vessels from each heart section were analyzed. To avoid erroneously high indices, only vessels of a minimum size of 85 µM or larger diameter were analyzed. A cardiac pathologist blindly reviewed the slides in parallel and confirmed the findings using standard pathological based criteria for neointimal involvement. Standard deviation and P values were calculated in Excel.
Results
RhoA Pathway Inhibitor Treatment Abrogates Chronic Rejection of the Graft
We established that the pre-transplantation gavage delivery of a single dose (2 mg/kg) of Y-27632 inhibitor in conjunction with sub-therapeutic dose of CsA (10 mg/kg, day 0 -2), seven-day treatment with the Y-27632 inhibitor alone (gavage delivery, 2 mg/kg, day 0 -6) or therapeutic dose of CsA alone (day 0 -6, 10 mg/kg) resulted in long term (>100 days) graft survival and, as established previously, the untreated animals and recipients treated with sub-therapeutic dose of CsA (day 0 -2, 10 mg/kg) promptly rejected the allograft [6] [7] [8] [9] [10] . Although these data indicated that allograft survival was prolonged in recipients that received therapeutic dose of CsA or a seven-day treatment with the Y-27632 inhibitor alone or a single dose of Y-27632 inhibitor in conjunction with sub-therapeutic dose of CsA, we found that the abrogation of chronic rejection occurred exclusively in the single dose of Y-27632 inhibitor in conjunction with subtherapeutic dose of CsA-treated group. Comprehensive analysis of the allograft tissue and an assessment of cardiac vasculopathy showed dramatic differences in the degree of chronic rejection between allografts from recipients that had received Y-27632 inhibitor in conjunction with sub-therapeutic dose of CsA and those treated with inhibitor alone or CsA alone ( Table 1) .
There was a significant reduction of the neointimal hyperplasia (NI) in the allograft from the recipients that received Y-27632 inhibitor in conjunction with sub-therapeutic dose of CsA in comparison to those treated with therapeutic dose of CsA or inhibitor alone ( Figure 1 ; 20.5% vs. 22.6% and 80.2% respectively).
RhoA Pathway Inhibitor Treatment Inhibits Cellular Infiltration and Promotes Development of T Regulatory Cells
Histochemical analysis of H&E stained sections demonstrated minimal myocardial cellular infiltrates in the allograft from the recipients that received Y-27632 inhibitor in conjunction with sub-therapeutic dose of CsA in comparison to those treated with CsA or inhibitor alone (Figure 2) . Immunostaining with antibodies against IgG, IgM, integrin CD11a and its ligand, the intercellular adhesion molecule 1 (ICAM-1 also known as a cluster of differentiation 54 CD54), which is a cell surface glycoprotein stabilizing cell-cell interactions and facilitating leukocyte endothelial transmigration), and IL2 receptor α subunit CD25, which is expressed on antigen activated T 
Discussion
In spite of the decades of extensive studies on the phenomenon of allograft rejection, the understanding of the mechanisms underlying the development of chronic rejection and the ability to inhibit this process are far from being successful. Our previous studies using rat cardiac allograft model system indicated that the abrogation of chronic rejection involves inhibition of T cell migration into the graft, promotes development of Tregs, and, at the molecular level, correlates with a down regulation of RhoA pathway components and dis-regulation of its actin cytoskeleton targets [10] [11] [12] [13] [14] . Here we showed that the treatment with the Y-27632, a highly selective inhibitor of the RhoA protein kinase ROCK1 abrogates chronic rejection of the rat cardiac allografts. Studies on human Jurkat T cell line transfected with a dominant negative, kinase-defective mutant of Rho kinase diminished Jurkat cell proliferation, attenuated the expression of T cell activation cytokines, blocked actomyosin polymerization, and prevented aggregation of the TCR/CD3 complex with lipid rafts [32] . The same study showed that in the C57BL/6 (H- ) mouse model, showed that the cardiac allografts from the recipients continuously receiving Y-27632 orally at 2 mg/kg/day (commencing 1 day before cardiac transplantation until 100 days) had low expression of myocardial ICAM-1 and VCAM-1 at Day 7 and no apparent thickening of vascular intima at 100 days [33] . In cited above studies very high doses (2 mg -20 mg/kg) of Y-27632 inhibitor were delivered continuously through the part or whole duration of the experiment. In contrast, our study is the first to show that a single preoperative 2 mg/kg dose of orally administered Y-27632 in conjunction with sub-therapeutic dose of CsA is able to inhibit chronic rejection of the cardiac allografts.
Conclusion
Our novel finding that a single pre-operative dose of the RhoA pathway inhibitor Y-27632 attenuates chronic rejection in rat cardiac model system by promoting development of Treg cells warrants its potential as a novel therapeutic agent specific for the inhibition of chronic rejection.
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